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a purified ryudocan ^T?^ Proteoglycan. Immu- 

ndht. (HS^<£X?^^^X hhe r^ 
ment of GAGs to rvndo^IrL (CS) * ^ attach- 

^ mutator fas inss* s ° reati ^ 

sitl nc 44, 65, and 67 ThT™™N- Com ^««tions at po- 
nous origin wa, ^^1^1^ J 7 ** 00 ** °t**°S*- 
Hard to attacheHXS K« ^ ~ 

aaidoainposse^a th ' T^^* 3 , ^eal that 


oorcs appear to be nSJSSS^i?^ ° AOa ° n 
protein and the ZSSSS^ f° th * e $tnictu ™ « f «» core 

endoplaamic reticulum S2SS^ffi^SSI l 5. t,,,I : , • 

common linkage tetraBaeeharids to ™^ , i 411410,1 of a 
the core protein* (for ^particular eerine aites of 

^^^^^^ 

—v- «o«l«oyI «nlfiu e . D0 lv aaTO i ( . MM „ sulfation reactions (for revtew «H nS e P™erizatlon and 


or CS. The BodJuT dodeovl S , ° f «th.r HS 

electrophone St«S?2 ^^^^lamlde gel 
ryudocan reveal ^7^^ S ^"f d,gB8ts lntaot 

and pure CS-r^do^^rdTtkT^.Hf C8 - hybr,dfi ' 
pancy bias of eaoh site for m ^f 8t that °«eu. 
each rite lunette Si rX2LE °! 18 ^ that 

Protelns of*, - 180,000^ Sr°^ Ca ^ fl 


°^^region TO ^ 

appear, Uk el y that commitment to pVac?HS^S tt 
proteina must occur at the iniH-M™. * , r 08 on COre 
with the introduction of * e ^SS ° f T^' elM **tion, 
~»s*jrvana anowe two R un ra.1, ' *"T — ~ " wt,u pro- for HS, or GalNAr f™. r>a „i 0Bamlne residue (GloNAc 
protaia. of ^ - ISO^iS SwHiK^? 11 ^SSStS^SiZ ° f HS and CS may £ 


-be nc ded the cor« orcMt faT 8 of tyudocaa muet 

b«»« bouT SaSJcTSJSS en , do ^Ual cell, 3£ the apeeificrly of GAG JSSmH eTn* 22? SS"" 1 * 
;. form, of ryudooan aav 2lf? UOtl ° n ™Wple lso- lively HS or CS deetfteTtaSoTlH POfl ^ ex " 

e«.Mtm<7of tbJe^S^SI" ex P aad *t« functional of generating both oii S^,^ n ' nmellt ^ » 

different baologicproo^,,. euch ae u^^SS^SX^^^^^' 

which p 0fleea s both HsTr etSL^n \ ^ •^tt'CW), 
CS- Theee two core P^tSS^^'T* 0 ^ 
GAG acceptors sites and if T* 8 nu,nl >er of Potential 
Produced Serglyl^ "%/^^^nns are 
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cell surface PGs (eyndecan-4) (22), which suggeeta that it may 
puuuesB HS and CS, In this investigation, we confirm this sup- 
position by expressing an epitope-tagged ryudocan cDNA in a 
clonal L cell line, as well as primary endothelial cells, and then 
determine the types of GAGb attached to the core protein. Fur- 
thermore, using site-directed mutagenesis, we identify all three 
functional GAG attachment sites and ascertain the types of 
GAG chains present at each site. The results show that HS and 
CS chains are covalently linked to each of these sites in a 
relatively unbiased manner and that .the three acceptor sites 
iunctionin a .relatively, independent .iaafeion, .These .data sus> 
gest that hybrid proteoglycan* may contain promiscuous GAG. 
attachment sites that allow for the .generation of multiple, 
vStructuraily -diverae^and fdn^onally-discrete Uoforma. * 


EXPERIMENTAL PROCEDURES 
Cell Culture and Endothelial Cell Isolation—A clonal L cell line (23) 
was grown In Dulbeccoe modified Eagle's medium (Life Technologies, 
Ino.) containing 10% fetal bovin» mmm at 37 °C under 6% CO t humidi- 
fied atmosphere. The cells were maintained In logarithmic growth by 
subculturing biweekly with conditioning to thia regimen for at least 6 
weeks prior to experimental analysis lb ensure consistency, analysis 
was performed on cultures that were confluent (-21 x 10 fl calWrS-cm* 
flask) for 7 days. PostconHuent L cell cultures were generated by inocu- 
lating 76-cm 8 flasks with 20 x 10 fl cells on day 0 r daily feeding (26 ml of 
medium) was initiated on day 8, and cultures were radiolabeled and 
harvested on day 7 whence final density was -80 x 10* cells/flask. 
Transfefltad cella grow 10-15% slower than nontransfeoted cella; there- 
fore, inocula wore adjusted to achieve the above final density. 

Endothelial cells were prepared from residual saphenous vein seg- 
ments of elective coronary bypass patients (approved by Brigham and 
Women's Hospital's Human Institutional Review Board as use of oth- 
erwise discarded material). Veins wore transported in chilled hepa- 
riaixed electrolyte solution (Flasma-lyte, Baxter Health Care, Detroit), 
and endothelial cells were enzymatically harvested (24-26). In brief, 
cannulated segments were flushed with Hanks' balanced «*lt solution 
containing Ca* and Mg 8 * (HBSS*, Life Technologies, Inc.) at S7 °C for 
15 min while gently distended with HBSS* containingO.ltt collageuaae 
(TVpe II, Woxthington) and 0.1% bovine serum albumin. Endothelial 
cella wore flushed from segments with M-199 medium (Life Technolo- 
gies, Inc.) and then pelleted by oentrifugatian for S min at 125 x g. 

The oelU were cultured on 1% gelatin-coated dishes in M-190 supple- 
mented with 25 row HEPES, 20% fetal bovine serum (HyCIoae, Logan, 
UT), 0.7 m*4^utamine, 60 units/ml penicillin 0, fiO ug/ml streptomy- 
: cm sulfate, '125 ng^ml affiphotereein B. 17.5 units/ml (-100 uafail) sew 
^dium heparin (Sigma); and 100 ngtal endothelial cell mitogen (Bio- 
. medical Technologies, Inc., Stoughton, MA) at 37 *C under 5% CO, 
} Medium-was changed three times weekly, and at confluence cells wvrs 
l suhcultured at a split ratio of 1:6. Endothelial cell phenotype wis can- * 
r. firmed by^thc presence cf factor Vm^elat4>d antigen (27) and scaronear . 
receptor C28). Factor vra-related antigen was detected by indirect^, 
munohietochemicol staining with a primary goat antibody (Atlantic 
Antibodies, Scarborough. ME) and secondary avidin-Wotin-pero»dase 
detection (Vector Laboratories, Burlingame. CA). Scavenger receptor 
was detected as uptake of acetylsted low density lipoprotein tagged 
with the fluorescent dye ia'-cUoetodecy^W ( 3 ( 3^3^tot^amethyUndo- 
carbocyanine perchlorate (Biom**dical Technologies Inc.) (28). Smooth 
'•'muscle cell wtamms^^a*Wudsd=b3Ntha absence of. c«iotin/In- 
... ajrect unmunohistochemical staining for a ctin iaororms .employed the 
* N^^ r ™ ) t ^ n^wcloMi ahtibody:(HHF.85;EnibBuKmem^ 

'i y ^ta*^and&^ , 
pNWSBl, was conducted similar to $MEV39R T30) excebt that • hoi 
man MTJI^promoter (-761 to +70) (31) was used to drmrthe bacterial 
gene. The ryudocan expression plnamid pNWS144 (Fig IA) was 

.derived from.the vector pNWSW (21). First, the 12CA5 epitope ores 

' created at the carboryl terminus of the ryudocan coding sequence (Fig. 

-IB) with t»lyjQnyrace rihafa TttAotbta mutnenfwurtii ^y---f W ry.n ■ 
codons for PYDVPDY after codon. 20L Then, the ryudocsm cocSg se- 
queues was flanked upstream by the human MT-U A promoter (an 8stV 
BomHI .fragment from pNWSBl) and downstream (nudsotlds 62ft, 
blunted HindXU) by the human growth hormone gune pe4y(A) signal 
(nuoleoLldea 1530-^2155. blunted Bgl\ to FcoRl) (33). Polymerase chain 
reaction mutagenesis was also smployed to create aevtn derivatives of 
PNWS144 In which Berinea 44, 65, and 67 are converted to threonine in 


all possible combinations (Fig. 1C, pNWS155-pNW8162). Sequencing 
confirmed that all mutagenlzed regions possessed the anticipated DNA 
aequences. 

A replication defective retroviral vector expressing carboxyl-fcerrninal 
tagged ryudocan was created by first cloning the ryudocan iaCA8 ooding 
region of pNWS144 (Afcol to iJindllR into a vector backbone (MFO) (34). 
Supernatant containing ^CRIP packaged (amphotropic) transducing 
particles was generated and harveeted as described previously (36). In 
brief, producer cells were grown in Dulbecco'a modified Eagle's medium 
supplemented with 10% oalf serum, 60 units/ml penicillin 0, and 60 
ug/ml streptomycin sulfate. Supematante containing recombinant ret- 
■<roviraa wet* prepaid by exchanging producer cell medium 24 h prior 
to confluence. At confluence; medium was harvested, filtered (0.45-um 
JUrodisc, Gelznan, Ann Arbor, MI), supplemented with 32 ug/ml DBAE- 
dextran (Sigma), and uaed that day for transduction. 
• Stable CotraaafoGtioTu W JUttrwirri Itouductions^-l, cells . (10*/ 
.100^mm,ipUte) 'were^nr?m^<br I dayi'ann^ then l bnl.bf Caj(PO^-BNA ^ 
precipitate (36) was added. The precipitate contained 15 ug of ryudocan' 
expression construct, 0.6 ug of the G418 resistance vector pNWS61, and 
15 ug of sheared herring Bperm DNA. After IS h, colls were refed, and 
4 days later antibiotic-resistant cells were selected with 400 ug/ml 0418 
(Life Technologies, Inc.), Selective pressure was removed 2 weeks after 
cultures became confluent At this time, the heterogeneous pools were 
either analyzed or cloned by limiting dilution. 

For retroviral transduction of endothelial cells, monolayers (16 h 
postinoculation) were washed with PBS and then incubated overnight 
in filtered retrovirus supematante. The following day, the supernatant 
was replaced with a second fresh viral stock and incubated for 16 h. The 
confluent monolayers (transduced and nontransduced controls) were 
then trypeinized and frozen in aliquots. 

Analysis ofExpnBston Conttructs—In vitro transcription/translation 
analysis was performed as described previously (21). lb examine ryu- 
docan expression levels in transfected cells, cytoplasmic RNA was iso- 
lated (30), and 30-jig samples were subjected to dot-blot (37) and North- 
era blot (21) analyses. Samples were hybridized to a 8a P random primed 
ryudocan ectodomain probe (nucleotides 219-447) in 1 m NbCI, 50ft 
fbrmamids, 1% SDS, and 10% dextran sulfate (molecular weight 
-500,000) at 43 *C overnight. Membranes were washed twice in 2 x 
SSC, 0.1% SDS for 10 min at 24 °C and then twice at 0,4 x SSC, 1% SDS 
for 30 min at 60 °C. Levels of hybridised probe were measured with a 
Betascope 603 Blot Analyzer CBetagen, Waltham, MA), 

Metabolic Labeling dfProteoslyoana^to radiolahal C cell GAGs, cul- 
tures were washed twice with PBS (6 ml) and then incubated for 1 h 
with 4 mCi of Noj»80 4 (carrier-free, ICN) in 2 ml of a modified basal 
medium of Eagle (life Technologies, Inc.) supplemented with Vfb Nu- 
tridoma-SP (Boehringer Mannheim) and equilibrated with 6% CO a . 
Thia medium was altered finm.the basal.medium of Eagle composition 
by substituting sMgBO^^with eqaimolar MgCl^ reducing NaCl to 100 
• tu, .and adding^ m» trglutamlne, l qui sodium pyruvate, and 26 xum 
HEPBS (pH 7.4X F()r determinations of GAG synthetic, rate, this me- 
mW was adjusted to 400 u>i Na^ 4 / which mfflrrmltes cellular uptake 
/of snlfkte/^ve^«e^20iiM'Na i SO 4 was usedmr mimunopredpitatians 
..And FQ-analygU to marimiTfl the fawil r^. ai±ivity of labeling. Tor L -call 
' proteiii cor© kbeling, PBS-washed cultures were preinaibated ibr 1 h in ' 
either leucine-free or methionine-free Dulbecco's modified Bsgle'a me- 
dium (Life Tbchnologies, Inc.) and then incubated for 1 h in 2 ml of 
m«dium containing 1 mCi of ir[3,4,6- a H]leudne (168 Ci/mraol ( DuPont 
NEN) or 3 mCi of i^[ M S]metJiionine (693 Ci/mmol, DuPont NEN). re- 
spectively lb generate PG-enriched cell extracts, labeled monolayers 
were washed six times with ice-cold PBS, overlaid with 0.76 ml of lysis 
•^u^Cl*^Ttt<m;X^<K);460mK NaClJ 60 m* Sris (pH7.4)/l mxEDTA, 
* ^^SSSKk" 1 ^■«>< io, ^te f ,100 uMphewlmeitbylsnlfciiyl fluoride, 
. ti 0.02%T^aN a ), ajid.ihcuhatea^ iceibr AO min. I^atM csueoted 
and pooled with a subsequent monolayer rinse (0.6 ml of Iyaia huflFsr) 
^ates^1^" ( ^heu^b4n w A 
s^matants were enap froaen with liquid N, and subsequenUy ana- 
ryxedv Cell extract PTotein concentration was determined by the proce- 
dure of Bradford (38).using BSA (Sigma A7808) aa a standard. Froaen . 
trsasduced enaothottal oells were thawed, . passaged. raoa, and 2-day 
■ - jostoonfluent ailuir«a w»re radiolabeled as described above except that 

- munc-U^. t RechesUr, MN),.and monolayers worn collected In 0.6 ml of 
lysis burTcn 

^wHtaiion. of. GAG. Synthesis-- "8 mcorporation ;uito total PG 
'..OAGs was meaonsd by.aoslytioal DEAE. imromatographK daaoribed 
below. Tb determine HS and CS synthetic rates, preparativ* DRAE 
chromatography waa uacd to purify total PGs from which total GAG a 
were isolated. The relative abundance of HS and CS was then measured 
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. u^lne appropriate CAG lyases. Synthetic rates warn <*»«,k>hw4 .» Me 

(Pharmacia Biotech he) b„ J7«^ • ^ eph ' ro8epastnow 
6.0). 1 m* KiyiTo^rHApq « NaC \ 60 "«*te (pH. 

, iV EDTA. 0.«*CHAPS, 6 * urea, ^O^xJh^£?1^ 1A) < *T 

added to th* 1 ^^ZfS^^ as ! ****** ™ 
incubation at 46 °C i ^ and ***** a ~ 16 -fc 

^, me reaction waa quenched with 60 ul of 8 04 m 


. washed twioT^^r^Vi ^ ^^'•W ***** were 

.TrMpH 7.4), 0. 8 8%SS X ^0^ N^ 1 ^^ 8, ^^ M 

limpet h«mowadn( D ™K WMcribed below) conjugated to keyhole 
aamics Ine.1Rla^% ""fT"? ganeratod by Immnnc-Dy. 

^onrclonaT^S^ 12CA5 
(40 ul). PuriflMtion «f^w rabblt Postanal antiserum 

■^.l-etrtalUg^Sii^^^. raised 


ionium fo^te'oo7t^T 7 7HS T Wfth 60 J* * "« « (3? a^TT^ T*?"* * nti - 

and extracted twice agaS^G m! «? i. wwe ohjDed on '«> againat a l»cterii^r^« te J A ? hur Lftnd8r ' raiaed 

hoi (26:24:1). The aotfeZf A! °f phenoi/cMoroforWiwaiuyl aloo- p ^ duot ^ ^ur^^ i*^ W,naWbindln « Protein fualon 

by centrifugatfen for 2 mi™t 1 n ™ and «alt was removed bead-bound rnateriaJa^d^P W f eaobonB performed on 


to 860 ul wltli wa^ and OAr ^ e tXi S*rnBt*nt wag adjusted 

min at 4 a C Th« 7 y Wftagatloa at 16,000 x * f or 20 

concentration. A^Twirt - Incomplete SpeodVac 
droitlna.. ABC i^^/tt^ T ^ tlnaBe ^ ^on- 
OA* wa. the .ame V^i^ *° CS <* ^ 

'•/i^X^tT^^^l- ethane!^ 
total GAOe (-10,000 epmWO wTof ^ff^n Bt, ' ek conteined 

Tb 49-ul poni, M of tfato ntouxe wa.^Z^° n i Ua f T*** 8 (pH 
chondroitin eulfcte (SteTSS »«Ued either 1 ul of 20 mg/ml 

,.,<0.0ia va I «.of..c^S^ <3» t.3 id 

" incubated for 216 h at43or 87 -c" «.n!^, ^ M)S); IWl<mB ^er* . 
. and 150 pj of ethan'l werTadded' S?"^ Tll • ^, 10 1 "N^l 

... -.cmtluatlon otnmti^ l^T* ™^! ^ to liquid . 

-; ; .'*aa tfhano^luWTwb^^T ^Ww. <0.3*. of total GAO . 

Por analygJa 0 f QAOcW ^ S? •™J?'***h count*, 
from t^^byto&SSw"* ? 8 8MB P lM Prepared 

Phenol/chJorofon^wamvlSSa 300 ^ of 


.*.,,ln > 20,ul. of SD8..*ample >X fl* » J?' rero, P 8Bd «<» 

.MlgrittQaprcfite^ nrSSSffl Sr^"^ Cte »^Cc5S 

-^alnat CS «k, etandaxo^vm^lS^ S?t 6r ' ^ i«aihT»«id 
, «d M.000 (auppSS ^tad iSuft m,Me " of 14,100 
,.30.000.^,^^;^^ (40) and 

^SBecl ryudocan, cell extract (600 ul) wa/mixed t^iv?«^ opttope- 
' 10 w of normal moueefgO andM0^/^«lT th l? ,,,ofl0 » 8l>s . 

and incubated (bfl h u™ iZf" X i°°5 1 E °TA, 0.08» NaN,) 
stated for x h . ^ -iS^^^^^ 


at- — 1 «itx analyzed by 8DS-PAGE 

waS^^^^- ^ (700 

aubjected to ultrafiltration ^SdSSoo ^£nl Z T^' and 
wchanged twice with OUTE^^A^^ , The ,^ er ^ 
and then once with H.O Th a contalnIn * 1% iflyoerol, 

buffer, mtea^th 5? aTrf?r1? te 7 a t? 4iu8W »» 690 ul with lyak 
chro^aS^ L d^h^w M ^ 8Cted to P^P^e DKAE 

waa^nubjeeted ^to OAG IvaTdfJl « ? lth I . wat6r - ™* retentate 
•Uacrlbed above for OAGe Pe?!^ ^ 8th ^ 01 P^pitation, M 
«mple buffer, halted I to 96 >C S IB ^ ,6 T pe ? dwl « 20 pi cf SD8 
gradient SoipAGE 16 """^ an8j y 4ad h y »-M* Unear 

•vd^nnlnad by calibration agb^^thXS to TT anto - "> ™ 
nCMane) (Amenham Corn ic^fl «T- methyl f t ». d P">tew markera (4 ' 
486 wSffiiSi P^rmod on a 

ware, inc.; Northampton Ma? * W 0ricin (MicreC »» Soft. 

Oroup sequence ^^1^ 12a« ^ Computer 

compariaon 

::datobaaeB. ; RNA^ndi«r^uc^ 

^ld.' ««WMy, atruetura . wafl.predjoted with the .program 


v'.'.'.SBSTJLTS 

3SSaS a s^ : 

ognized by the 12CAS «aTx!i. i if (43) ' which » 
aUowa the eiog^ S ^0^(44). This altar-tioa 

epitope iiJS^r^SL^^^ 11 ^ 12CAC 
Bnatea aa ryudocan^ to be specifically isolated 
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"E^rimS^i*Sr a 7 pre "'? n vootoj *- Po »« M . ^ Scribed under 
StvS ^dureV the ryudocan.^ oDNA codin* region 
(cn)«.Ao(c*ecO wbb expressed with vector pNWSl44 or ltd darivattW 

*VI (S). ftyudocw message ta tranacrfh* by thAuWMbSrtSS 
nem n promoter (MT-TIA) ,nd „tsMlMd by 8' poly(^,KS^d 

type I integral membrane protein composed of an e^wSnal 

...domain (so/id Mac*), and a carboxyl-tormiiud tatraoeliul^ 

» eompoaed o£7 inwrted codone and the 2 flaiilS^docan reaSa. 

aXLf'n? n ? tlVM ^W'll oontain the carbo^wS' 
ffiL^rJS? <>^™r..tb« oa ines (T) at pcritioi* <£>£aK 
^^yOf^Pto ainrines"GS). The spadfe re^ue/of.e^W , 
?QsV* d^ayed *" " "^^"P^tatlen of the resultant 

by irnmunopredpitation. 

n^qi!S Pl0y ^ l . atpre8 . Bi0n phflmldfl wwre d «**d from 
pNWSl44, which contains the iyudocan 1MA . coding reaion 

..promoter .(Fig.,U). ..Control > e^erhnenta..deixu»natrated that 
^vmoprBdpitadon of ryudocan^waotaoBt effident^hen ' 
->the 12CA6 epitope waalocaJiied.tathe carboxyl.terminufl as 

flnenrje or before the transmembrane domain (reaulte not 
.■bpwn). Cbou.Fasman analysis (46) predicts an absence of die- 

c^te-eecTOdary. structure at this insertion rite. .The insertion . 
•hadno effect on membrane translocation of the protein. core or , : 

syntheeized transcripts to in wm>. translation in.the absence 
and presence of microsomes (data not shown) (21).. Thus, ineer- • 
;bon of tie epitope «h<ruld not affect steps prior to core protein 
gycanatlon. These experiments also revealed that addition of 
the epitope tag increases the apparent M t of the amino-termi- 
nai processed core protein from 33,000 to 85,000. 
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QAQ species 

t^-Ja ^^f?? <*wemresaloa elevates the ayathMla of 
^"f" d u C 8. Nontranafocted L cell and done 19 (tarSfeeted with 
PNWS144) culture, were Na«S0 4 labeled for i h. OAGs were leola™ 
and *8 mcorporabon Into Hi and CS was en^matlcaUy determtodas 
S(mZtr^ te " **** *- -P'- -P- 

/fy^ocan la aJlybHd Proteoglycan— To determine the type 

°1 S^SSf* ^ ^ udocan > L CBl18 were rtably transfected 
with PNWS144. and clones generated by limiting dilution were 
screened for high ryudocan expression by Northern and dot- 
blot analyses We present data from a representative done, 
done 09, which ezpreeaeB 33^1d greater, ryudocan mKNA thaii 
the nontaiMfected L xsell done, as measured by dot-blot anal- 
ysis However, the examination of four additfonal donee with 
-equivalent or greater expression levels produced data similar 
to that provided below. 

daolabeled for 1 h with Na,»S0 4 . Triton X.IOCsolubleleU 2- 
tracts were prepared, and POs were isolated by DEAE chroma- 
toeraphy. The GAGs were Uberated from PGs by ^Hwination 
m the presence of sodium borohydride and then isolated by 
ethanol preapitatlon. «S Incorporation into HS or CS was than 
detenmned as ethanol^soluble radioactivity generated after di- 
-iges^on.;with.«av 

,/AHC,^eapectively Xaa .d^scribed.undar^aperiinentei *Proee- 
" 7£? 1-h labeling -period used should detect alterations 

^.thefcalf-Iifefort^^ 

typically ranges from 9 to 8 h (far review see Ref. 47). Clone 19 
,-exhibi^.increased *Sii»coxporation.lnto HS (1.7-fold) and CS . 
• ^VSiSi" 1 * 1 ** 1 ™ to ^ on£r aasfected *elle,<Pig...2). .Similarly 
Z«i ^^amine labeltog of cells. HS and CS lavolo 
toimd-to be ucreasea by LB* and 1.2.fcld, respectively. These 
HSanVcIT 8 * that,7,?doca0 «*CAa is«ry«anated.iuid hears both 

Clone 19 eihibits a relatively small increase in GAG synthe- 
sis as compared with the large augmentation in ryudocan 
mRNA levels. This observation implies that endogenous ryu- 
docan comprises a small fraction of total PGs and/or that the 
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recombinant mRNA exhibits a low tranBlational efficiency rela- 
tive to the endogenous species. To examine this issue, we per- 
formed exhaustive immunoprectpitation on nontransfected ceD 
extracts with rabbit polyclonal antiserum rained against the 
intracellular domain peptide epitope CLGKKPIYKKAPTNE 
(cysteine plus residues 186-199).* Two sequential immunopre- 
. : .. . ic^^on cycles extracted .15 * i%^f GAGcpm feoxa nontxaae- 
" ZfTtSzS?****'** = 3 >. wboreafl the addition of the peptide 

, ^senlially wro. ^uaopredpltation with polyclonal antibodies 
.. eaa underestimate antigen abundance (43), thus these results 
. indicate that endogenous ryudoean accounts for a substantial 
level oiGAO synthesis in nontransfected L cells, Accordingly it 
seems possible that the recombinant ryudoean mRNA may ex- - 
nibrt a low translations! efficiency. Consistent with this sus> 
gestlon, the theoretical analysis of the structure of the recom- 
binant message (49) predicts a stable 5' hairpin, which has 
been noted to reduce translational efficiency greatly (50). 

We then isolated ryadocan MCW from clone 19 by 12CA6 im- 
munopuriflcaboiu purified total PGs from nontransfected L 
cells by DBAE chromatography, and immunofractionated en- 
dogenoue ryudoean from nontransfected L cells with the anti- 
ser^ speafic to the infcacellular domain, as outlined above. 
The attached GAGs were isolated, and the relative amounts of 
HS and CS were ensymatically determined, aa described pre- 
vtouely^nw oogenous origin ryudoean possesses 87% of GAG 
m * t! ^ l he r f mainin 8 13% as CS, which is virtually 
identoctdto the distribution observed for endogenous ryudoean 
or total PGs produced by nontransfected cells (Fig. 3). Thus, the 
GAG composition of ryudoean in not biased by overexpression of 
epitope-tagged core protein. Therefore, this approach provides 
a valuable means of determining if HS or CS is attached to 
^dividual QAG acceptor sites. Such analysis first requires an 
identification of all possible GAG accept^ sites on ryldo^T 
^!?T Wn ofI ^ udoean GAO Acceptor Sites-Xyudoam 
«^Wte three potential GAG acoeptor sites (Ser^ThVthe 
vidmty of acidio residues) at serine residues 44, 65/ and 67 
Previous mvestigators have demonstrated with other PGs that 
mutation of the GAG acceptor serine to threonine dramaCfy 
reduces fce attachment of GAG chains (12, 81). Therefore, we 
^aluated the function of the postulated GAG acceptolSs Z 
r ^docan^by CTMtiivpUwoids^itb^ all s^npcaaible com- 

OZZ\± fjft 1 1C) a?d used S£ 

plasmid to stably transfect L cells. The respective "S-labeled 
- ; to of ryudoean were isolated from each call population 

Tr J^Xft WM proportiDnal *> ^e number of remaining 
A ° ftCCept ° r Bite8 ' of which speciflS 

' £ reWd J Ue 2 W8re mutotei As mtact potential, acceptor sites 
decreased from three to zero, the apparent moS of the 

S?*L ? pl<!0ule8 waa 280 ' 000 - 21 °.°00, 120,000 aid 

^^^^^ l**^™* 0 * modified -.ryttdocan' (ThrW .; 
tein la^s^ontainlng OJ^TSaJSTS^^ 


100%- 


.00* 
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20%> 


J 


| Total PGo 

I immunopurfflod ryudoean 
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'80% 
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Fio. 8. Ryudocnxi tf0 „ GAG composition is similar to endoae- 

cZ^Ta^ t^n'?. well L fls ^docai^^ imnnmopuiifisd from 
cell wrtrart. GAOs ware prepared from total PGs and immuoopr*Sj£ 
toted ryudoean, m described under ^rhnanta!Pro3^ » Th. 
rab«v. content of HS or CS was detuned & digS^h }fc 
"ofrocten^ heporittaaw or chondroltmase ABC, ( M t 

senbed under Ttoaul^. Resulta from duplicate (rn^n » 

^«re prewatod, and similar data war. obtain.* in ^ additional 

through amino acids could not have generated a sufficiently 
high specie activity to explain the above observation. 8 Thui 
radiolabeling of the noinimaUy modified core protein must have 
resulted from a sulfate containing postradiational modifica- 
tion. Cpxistotot.with thia miggeationv-the mininiaOy inodMed 

rS^" "t^f^? ****** *™ ~ ln aynthesiaed 
ryudoean^ protein (described above). Kyudocan lacks an ap. 

hl^Z! 6 ^^ aequ * MB & r*tyro»ine O-sulfate (52, ,53); 
.bawevar, ihfl modification could bejuj aspaw-inaJinked •ul- 

L^t^i^ (6 1?' Re?ardIesfl ' mol^wTlisual- 
uation of ^minimally modified core protein with Na"SO, 

toN bafo'wl UtUiZed " Bubse( l uent ^rimento 

We note that deletion of each GAG acceptor atte causes a 


-ammo^dd ^^hooW apon^tTC^^in^ 
ryudocaii,«, A1 toward total DM^ivu^oJ^h, u*a tZ**^ 

ryudocanue^ comprised 0.17* and 0.00089%, resp^tiva^ef noVpO 


serum aJU ^^l.*^^? 6 "" aM •>•• detected with onti 
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Fw, 4. Identification of GAG acceptor sites. Kyudooan GAO at- 
tachment sites were identified by analyzing L call pools stably trana- 
feoted with a wild-typa ryudocen expression construction (pNWS144) or 
constructs containing Ser Thr mutation* (pNWSl55-pNWSl62» Flo 
1). Cultures were NqjWSO, labeled, tagged ryudocan was purified using 
I monocIoaal anybody, and immuaopredpitates were resolved by 
5-12% linear gradient SDS-PAGK as described under "Experimental 
Ftoeedures * The entire eample was loaded for /ones C and 0, whereas 
180,000 cpm was loaded for the remaining lanes. At this exposure 
ncntriuiafected L cell extracts (C) are devoid of 12CA6 reacting mat* 
rial. The sizee of w C-protein molecular weight markers are displayed. 
Apparent modal M. was determined by detecting migration profiles 
with a Betascope 603 Blot Analyzer followed by standardizing against 
protein markers. 

reduction in Af r of -80,000. The molecular sizes of free GAG 
^ cfaaina have Undetermined by SDS-PAGE, aa outlined under 
CTSxperimahtal . Pr*cedur*a,r and revealtfaat HS and GS exhibit 
a modal M t of 53;000 and 22,000, respectively (all determiiia- 
tiona were within 4% of mean, n - 3}..The,iargar reduction in, 
apparent M t experienced by the PG, with stepwise elimination 
.of acceptor site?, fc probably because of theeffitct of GAG chains 
arTtho hydrodynwhic radiua of the PG or the aniount of 3D3 
bound .by the PG. Regardless, these data demonstrate that 
ryudocan expressed in L cells exhibits three functional GAG 
acceptor sites and that, in moat if not all molecules, all three 
sites are simultaneously occupied with GAGe. 
Individual Ryudocan OAG Attachment Sites Are Function- 
tall? Simila*-W*:wxt .determined .th^flsfcentito. which 'HS. or 
CS is attached to individual . OAGaceeptor sites by examining' 
. nonclonal .populaiiona .that express : ryudocan^ molecules 
jjoaacssing only a single .acceptor site orpoaaeasiag the Ser* 5 * 7 
Rouble <n^^ ?cnnten^b£ 4HS;ana rt3S jwbs 

determined (br ryudocan^^ from each of the call populations, 
^hereaa the total-GAG fraction was utilized to standardise for. 
"Ipdtenlial.vB^ q&q 
i incorporation -was/ increased <20% in tranafected cells as corn- 

;ryudocBn 13CAI should not significantly bias the overall compo- 
sition of. the total GAG population. . . v. 
- The data show- that HS and CS are attached to each single 
GAG acceptor site (Fig. 5). For each ryudocan iaCAfi spedes with 
a single GAG acceptor site, the relative content of HS or CS 
differe only slightly from the total GAG production of the cell 


GAG Site* 

Fig. 5. GAG chain attachment to individual acceptor sites. 

Stable transfectants expressing epitope-tagged ryudocan molecules 
containing one or two GAO attachment sites were N^^SO^ labeled For 
each sample, GAGs wera obtained from both ryudooan iaom (stippled 
bnr$) isolated by 12CA6 inununopredpitation and total PGs (WocA 
oars) prepared by DEAE chromatography. Relative HS or CS content 
was enaymatwally determined as described under "Experimental Pro- 
J ur * 8 '., Dato flamplas (mean ± range) are presented, 

and similar reiuite wwre obtained in two additional experiment*. 

population- Compared with the total GAG production, the at- 
tachment of GAGe at Set* is marginally hiaeed toward H9; 
whereas the linkage of GAGs at Ser" and Ser* 7 is marginally 
biased toward CS. 

Functional.independence of each acceptor site within intact 
. ryudocan would imply that the single site preferences deter- 
mined abeva ahmild accurately predict the HS and CS content 
' of the Ser*" 7 double acceptor PG and wild-type Sw 4 *^ triple 
^ceptor PG. Thia situation does not appear to be the case. The 
site biases of Ser* 5 ryudocan .and Ser* 7 ryudocan predict that 
Sor*? ryudocan should, have a relative HS content of 60%, 
• wheroatf the observed level is 80% (Fig. 5); The site biases of 
Ser 44 ryudocan, Ser 85 ryudocan, and Ser* 7 ryudocan predict that 
wild-type Ser 44 , Ser* 6 , Ser* 7 ryudocan of clone 19 should have a 
relative HS content of 69%, whereas the actual level is B7% 
(Fig. 8). The above data indicate that removal of two GAG 
acceptor sites elightly modifies the preference of H3 and CS 
^*tta^enfeat^ ^ 
minor alteration, .the .mutational .analysis iemoneteatcs that 
'both* HS-andXJS can Deattadhed toeachryudocanracceptoreite. 

L Cells ProduciMultipl* Ifyudpcan Uoforme—Thx* above re- 
sults ^d^v^arisen/byw^ 

ous grycanatiaa of individual protein molecules. With homoge- 
neous, glycanation, cores , could be partitioned at a specific 
n^queriey ^hetweeii. HS-eiclusivB or : CS^xclusive "pathways, 
"Which would generate' two types of hbmog^canB: a pure HS- 
xxftdocaa. aaU A V \±ro ce-ryudroux Aiiernaflvery; Ha or 
/could be- distributed at a set frequency for each single GAG 
acceptor site within a protein, core. Such heterogeneous giy- 
canation of a single core, would produce a" mixture of heterogry- 
cans, isofbrms with two HS chains/one CS chain and one HS 
chain/two CS chains, as well as homoglycans containing either 
three HS chains or three CS chain*. To distinguish between 
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Fl 6 Ryndo Position (mm) 

by i^op^u'on 00 ^^ 3ST^o1pm"tr e ^ "5 ^ ^ - ™ ^ted 

heparltinwc or both. Samples were then reeved usmVMt aDMAfflT.3 tSSh, ^ * A chon ^ tinaBe A 30 « Flavobactcrium 
generated by direct Betascope digitization ofdriad desori^d^dS ^^^fl y "J^.ogrtphy <«««). Migration profiles were 

mm*. Data were oollected over 13 h and are^«ol™5 ^ liL 5j 7*pwimental Proceduiea." Instrument background was < 10 counts/ 
ABC-treated samplea. Sample n^a^™? ™lS ^^^tf'T* 1 *^™^*™ ^P^t^e-treated mSpC oi IXSZ 
»nd 69,000. rMpecttvaly, rnigr3 at 83 4 T^Rn 9 ^! ^ P °f * e . W801 ^ 8*1 ui 0.4-mm increments. AT. atandarde of 200 0MM 
rt«^™^nd^e^•lXto^^^'iiSSv^I?■ ^ "3T"!! ftuto ?*<>8™Ph. Size, o^ ^pS mole X wffi 

ryudocan lsCM isolated from done 19 This examlnl^ «^ 2 ^ 280,000. Treatment with choadroitinase ABC results 

vealed the number and type of GAGch^s aSef to £ iLStot Effect' ifn^^T* «' 
protein core of various isoforms • inis effect is not caused by. proteolytic degradation 

.«: i tMyea.tb^t.tb*molecnIar size of HS i» ih«fcfc*»i« * * l*no " 'f nc ®* le « va « e ' ^a?' 00 * observed whenchoudrottmase ABC was 

described above, b«^SIS2^S^ ^^nofSo^T^^ 

hi t 7Wn,n]a«,u,„^-.u* , pruuuee a mswta not shown). Curve fitting andysie reveal* that the 


... , , — t MA/toutiaon anouia produce a 

higher molecular weight pure HS-homnglycan and a lower mo- 

f;JS^SL PUT8 CS-homoglycan; thus, a Waodal distribu- 
>\bon..ofwfld.typary^ 

type ryudocan with FlwobaeUn'um heporitinase' would be 
ST^ZZ?™ ^ U > oom P«ei,t, whereas digestion 
of the wild-tfpe ryudocan with chondroittnase ABC should do- 
stroy the low molecular weight species. Thus, treatment with 


^served HSPQ profile can be duplicated by three overlapping 
<3auman curves with modal M± of 870,D0D.(H3L 240.000 (H2) 
and 120,000 (Hl)i respectively;!!* HS -tpLt^SSm^i 
largest ryudocan isoform, whose molecular site la not affected 
by chondroitinase ABC treatment. The H2 and Hi peaks comi- 
grate with chondroitinaae ABC-treated double and single ac- 
ceptor site ryudocan,^, respectively (results not shown). We 
also note a band with an apparent M, of 39,000, which comi- 


^^^^^.^Z^^ . -2* « » appWt^oTaTooo, \SKJ 

^should produce a »ilJEB^^ 

^*ry»cWbec TO ^ three Gag acceptor sites that, are- fully oc- 

dsoforms with Offering ratios of rS u^ ffiono?^ " 

nioaal distribuooh bf core proteins with aSTtwTSSS m ^^^^^mmiOU^tMl^B 

chalhs as wefl as the minimally modlfied-core ™Uta^h£h T^^S" CDntein one HS chain and two CS 

wattacb^^^-cb*^^ ^^l^airfthatthennni^ 

d^^, A BC-t I «t^.sin«la.V^ . 


— * w aumia< accepror. afluwe - accentor »mH 

wJd-type. ryudocan with Flavobac^um heparitinase should 
SnSItlv ™f7? 86t of chan » M Production of the 

HS Chains ^ P *° Which We ™ Btt&ched three 

As shown in Pig. 6, wild-type ryudocan,,^ exhibits a 


Fig. 6, (Kepannnase.dwssted) the CS-bearing PCJs. generated 
by tae above treatment resolve into two peaks with modal M of 
160.0W (C3/C2) and 85,000 (CI), respectively. l£ 2? Kf 
caused by proteolytic degradation since cleavage was not ob- 
? V*™]™**™ heparitinase was incubated with 
[ HJleucine-labeled ryudocan 11CA8 core protein (results not 
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Fjo, 7. Schematic representation of ryudocan ieofonxu. Dis- 
played are all eight possible ryudooan iaofbrms synthesized by L calls. 
The ryudocan core protein always contains three GAG chain* HS 
chains (open) are twice ae long as CS chains (clo$td). 

shown). The broad C3/C2 and CI peaks coraigrate with Fla- 
vobacterium heparitinase-treated triple/double acceptor site 
ryudocan lS0Afl and single acceptor ryudocan iaOAB , respectively 
(results not shown). The C3 and C2 peaks exhibit less discrimi- 
nation than the H3 and H2 peaks because of the smaller mo- 
lecular size of CS. We also note a band with an apparent M T of 
39,000, whioh comigrateg with minimally modified ryudocan. 
Given that wild-type ryudocan exhibits three GAG acceptor 
sites that are fully occupied, we conclude that C3 represents a 
form that contains three CS chains, that C2 is derived from 
isoforme that possess two CS chains and one HS chain (C2HD, 
that Cl is produced from isoforms that contain one CS chain 
and two HS chains (H1C2), and that the minimally modified 
core protein is generated from the ieoform that exhibits three 
HS chains (H3). 

We have also performed this entire analysis on endogenous 
ryudocan immunopurified from extracts of nontranefected L 
cells by intracellular domain-specific or ectodomain-speciflc an- 
tiserum. For either preparation, endogenous ryudocan diges- 

' wtion .profiles, mimicked the above described ;patterns eHdtad 
- ryudocsin^j (results not showxxK These data further con- 

: .. firm that ryudocanupAB to representative of the endogenous PQ. 
. The combined data strongly indicate that Tyudocan is syn- 

.. \- t fa e aiE e d m A.jnixtore of the following informs:; pure HS-ryu- 
?<v tl6cBJi (H&), "lieterogiycaiie (H2C1 and and pure CS- 

ryud can (CS) (Pig. 7). The above results confirm the 
mutational analysis of ryudooan^c^, which Indicates that in- 
dividual GAG acceptor sites can bear either HS or CS and 
strongly support heterogeneous glycanation of individual core 
proteins, 

like nature of ryudocan could be an innate-property of the core 
" Vprotein,:orL cells might .only, be able to generate htftm^gly™^ >: ' 
exclude the latterpossibility, we examined endogenous L ceU 

• cons. In the -first' approach, [^JmetluonineKlabeled PGe were; 

• .partially purified from call extract* by ultrafiltration to remove ' 

• ^Mterial<l^^ as-/ 
* '"described under "Experimental Procedure8;"'These PGte were / 

*< than imHmtA* fevTlAO bmop tnrahnMt o«^Snfl.PAaW «*ialy£ . 

aie (Kg. fiA). Two core proteins (apparent M t = 130,000 and 
'. 52,000) appeared with chondroltiboaae ABC digestion. The in- 
^ tensity of the bands was not increased by simultaneous treat- 
ment with Flavobacterium heparitinase. The two core proteins 
were not detected when PGs war only digested with Flavobac* 
terium heparitinase. Similar results were also obtained when 


///./ 



Egr/^oo;ooo 

jfe 97,400 
lr- 69,000 


46,000 
30,000 
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200,000 
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Fto. 8. Certain endogenous L ceU proteoglycans are pure ho* 
, mgtycans.^omoelyoaiio were -identified vusing.,C!81nutMenine-la- 

baled partially purified PQdipahelA) orNa^SCVIabeled immunopre- 
.tdpUated>g|ypiean (panehB ) isolat45d^frtmi^L<^-Seinple».(ia^ cpm) 

were untreated or digested with chondroitinaee ABC and/or Fiavobao 
• teWu/7i.hapariuaaae; reactions were than reaolvad by linear gra^ 
>^t/6D9*PAQB>*^ 

molecular weight standards are indicated. Pone/ A, PGs were purified 
.by. DEAE chromatography and ultrafiltration as described, under "Ex- 
perimental Procedures," ♦ indicates the position of Af t • 130,000. and 
,62,000 protein cores firom pure CS-homoglycans. Note that GAG lyase 
treatment does act degrade creea-contaminntui^ non-PG spedes.'PonW 

«pm. A 2-month espoeure is .presented to;.dpnnnnarrmt», th*. complete, 
absence of C8-glypican. 

•partially purified POe were labeled with "PHDeuoine and diges- 
tions with GAG lyases were carried out as outlined above (data 
not shown). Together, these data demonstrate that L celte are 
able to produce pure CS-homoglycans. 
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Fio. 9. Ryudocan is a hybrid proteoglycan In endothelial calls. 
S-Lobeled QAQb were prepared from early paseege endothelial cell 
PR« {Nnntransdiiced EC) uid from extract* of iyudocan-traiwduced 
cells (Transduced EC) that were fractionated Into total PGa (crxw*- 
hatchtd bars), ryudocan^ {black bars), and PGs depleted of 
ryudocan lfiCAa (stippled bars), deBcribed under a Heeulte."The OAO com- 
position was then enaymaUcally determined as outlined under "Exper- 
imental Procedure*" Data from duplicate samples (mean s range) are 
preeented, and similar results were obtained in two additional 
experiments. 

In the second approach, metabollcally labeled glypican, 
which has been identified in other cell types as an HS-homo- 
glycan (B6, 56), was isolated from I cells by imznunopuriflca- 
tion with an antiserum raised against a glypican fusion pro- 
tein. This antibody has been used previously to isolate glypican 
by k™™opr*apitation (41). The SDS-PAGE analysis of meta- 
: ' boUcaUy labeled ^tcan'shtrwed cofmpleto^d^gradat^on with" 
Flavdbacterium heparitinaBe and no alteration with ohondroiti- 
nase ABC (Fig. 8B). Furthermore, detailed examination by 
BeUacope of the SDS-PAGE patterns revealed that chondroita- 
nase treatment "did not alter the size 'distribution of metaboli- 
caUy labeled glypican. Together, the results demonstrate that 
glypican is a pure HS-homoglycan. The existence of pure C8- 
and HS-homoglycana provides strong evidence that the hetero- 
glycan nature of ryudocan is an inherent property of the protein 
core rather than a consequence of synthesis in L cells. 

.vdetermlne Whether cell typc iaffects the <JAG composition <rf : 
•V^d^cani^we 'expressed ryudocajQ^ ^in^arly passage ehdo- 
- thelial cells. .Overexpreasion was accomplished try subjecting 
-^o*ellaLcells;to .^o>tranflduction 5 cyclas *rtth ^replication- . • 
defective retroviral vector/This process increased M S meorpo- 
^^ration:into -total <*AGe4>y i,7-fold (data not Hhowu) and altered ' 
th».compositionnf ^ aynthesizad GAG*-Fig. 9:demonatrateB that : 
^•tho 333 .content 'of total: PGs. increased frW40^-(nontrane^ 
A*!*** oojia, ontJojtowo POo) to eo-» <cremBaucea ceue; enaog» • 
enoua + ryudocan^c^). Tb investigate the mechanism for this < 
• elevation in HS synthesis, we examined 12CA5-purified 1 
ryudocan laCA6 as well as endogenous PGs obtained from ex- 
tracts depleted of ryudocan UOAS by two immunoprecipitation 
• - cycles with 12CA5 (this procedure removes ~75% of tagged 
;: /ryudocan). .Compared with the -total "PG population, 4h* HS 


content of ryudocan iaCAfl is higher, whereas the HS level of 
endogenous PGs is lower. Furthermore, the HS content of en- 
dogenous PGs in transduced endothelial cells is almost identi- 
cal to that of total PGs in nontransduced endothelial cells. 
Thus, expression of ryudocan 12CA6 in endothelial cells does not 
alter the composition of endogenous PGs. The elevated levels of 

• vJIS .in transduced .endothelial cells result from an. ovexexpres- 
■ sion:of:rIS*rich Tyudocan, -Most importantly, lyudocan is syn- 
thesized in endothelial cells (wm^h predominantly produce CS) 

, -us an .HSrrich, hybrid proteoglycan, siimlar. to ^ 
ryudocan. 

" DISCUSSION 
r We have determined the relatiwesamoun^^^ 
attached to each of the GAG acceptor sites of ryudocan. Our 
investigation was facilitated by expressing a ryudocan form 
containing the epitope for the 12CA5 monoclonal antibody (44). 
Previous investigators have employed epitope tagging to isolate 
recombinant proteins overexposed in yeast (43, 67) or to lo- 
calize proteins expressed in yeast and higher eukaryotic cells 
(58, 59). lb our knowledge, this study represents the first use of 
this approach to characterize biochemically a protein synthe- 
sized in higher eukaryotic cells. This analysis was made pos- 
sible by labeling GAGs to high specific activity with Na, M S0 4 
and should be applicable to the detailed examination of cell 
specific modifications of other PGs. 

Our study revealed that ryudocan possesses three GAG at* 
tachment sites that are always occupied and that each Bite 
heart similar proportions of either HS or CS. We wondered 
whether the three GAG acceptor sites on ryudocan are ran- 
domly occupied by HS or CS, and whether they function in a 
completely independent manner. The observation that the rela- 
tive proportions of HS and CS attached to acceptor sites is 
somewhat affected by the number of acceptor sites per core 
protein (Fig. 5) suggests that these regions may cot act in a 
completely independent manner, The combined effects of GAG 
acceptor site occupancy bias and dependent Amotion of acceptor 
sites can be assessed from the distribution of ryudocan iso- 
forms. If each site is characterized by unbiased GAG chain 
occupancy and acts in a completely independent fashion, then 
_ theabundance of each.lsofbrm cWs (H3 f H2C1, H1C2, C3) will 
"follow a binomial distribution, which can be calculated from the 
relative molar ratios of HS and CS.attached to ryudocan. Both 
GAG acceptor site occupancy bias and dependent function of 
acceptor rites ehmdd prt^uce deviaiaiis from the binomial dis- 
tribution. 

The relative abundance of the different ryudocan lsofbrms 
can be determined from the SDS-PAGE patterns generated by 
digestion of ryudocan,^ with GAG lyases. We have employed 
a Gaussian curve fitting routine to obtain the total radioactiv- 
ity present in peaks H3 to HI and. Cftvto CI. The molar ratio of 
iJHSi'bearin^ryuA^^ 

total radioactivity in peaks H3, H2,.Jttid HI fbrchain number, 
>:.which ahen'. provides' the.re^ ^d 
- H1C2. Similar analysis of peaks 01, C2, and C3 allows .ua lo 
' &btaro^:r^ 'MWQ&iHltlZ, iand 308; oespec- 

tively ' The relative amounts of all isoform classes can be cal- 
culated because H20Land HlC2m^*oTmnonto both ^eterrnk 
' nations. Based upon the above analysis, the relative abundance 
of isoformflTarao^lHa, 33% H2Cl, 349fc H1C2, and 13% C3. 
From the above distribution, we calculate that the molar abun- 
dance of HS on ryudocan is 53%. Alternatively, given that ryu- 
: docan possessed 67% of GAG ao S as. HS (Fig. 3); that HS was . 


Disorimination of the CS and C2 component* of the C37C2 peak waa 
. aeooxnpliehed by aubtractinff th* C» component of Flavobaaterium he- 
,paritln£M-dig««t<»d double acceptor ryudocan lA<Ufl . 
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2.4-fold larger than CS (described above), and that HS incor- 
porated 2.6-fold more U S than CS (data not shown), we calcu- 
late the molar abundance of HS chains on ryudocan as 57%, 
which is in excellent agreement with the previous estimate. 
Baand on an Average value of 56%, the binomial expansion 

predicts an isofbnn distribution of 17% H3, 41% H2C1, 33% 
H1C2, and 9% CS. The empirical and theoretical calculations 

•generate similar, but not identical, distributions, which sug* 

, goats : that jai moat, a very .minor .degree of occupancy - bias for -r 
each acceptor site and/or functional dependence'between accep- 
tor sites may be operable during glycosylation. 
The promiscuity of ryudocan GAG attachment sites is an 

. k inherent property of the core pro tain (Figs, 8 and 9). A similar . 
^romiflpuity of C^G acceptor -sii^liaa:^^ -.' 
aergrycins, secretory granule PGs that possess up to 24 consec- 
utive, heavily substituted, Ser-Gly repeats (60, 61). The muco- 
sal mast cell FG bears CS (17), the connective tissue mast cell 
PG contains heparin (16), and the rat basophilic leukemia form 
possesses both heparin and CS (16). However, the specificity of 
the individual GAG attachment sites is unknown, as only about 
half of the potential acceptor sites are endowed with GAGs (62, 
63), Other hybrid PGs have been identified (22, 64, 66), but the 
occupancy bias and functional dependence of GAG acceptor 
sites in these species have yet to be determined. 

How does the glycosylation machinery distinguish among 
HS-limited, CS-limited, and HS/CS-permissive GAG acceptor 
sites? Perusal of the immediate primary sequence that flanks 
putative and known acceptor sites from several CSPGs and 
HSPGs fails to reveal any consistent distinguishing feature (for 
review see Ref. 1). The detailed mutagenesis of the single ac- 
ceptor site on decorin also argues strongly against a simple 
consensus sequence (12). Consistent with this conclusion, the 
acceptor sites on ryudocan (underlined) are functionally similar 
but have a dramatically different primary sequence (KYF£* 
GALP varsus FELSGgGDLD). Indeed, the immediate primary 
structure around an acceptor site is unlikely to convey speci- 
ficity because the multiple consecutive acceptor sites of sergly- 
. cin are likely to be promiscuous. Given the lack of any distin- 

r; gushing features between HS and CS 'Acceptor aitas, it is most . 4i 

v. probnijlBthatflpedfldr^wito 
chains, is determined by distant sequences and/or the higher 

.. order structure of the core protein- 
. Ryudocan is a member of the ,syndacan family, and all guci} 

: .;Aambers exhibit very 'distinct extracellular -doinaixxs but pos-. . 
mm extremely homologous transmembrane .and Intracellular 
regions. Syndscan, the prototypical ntember, may well contain 
promiscuous sites since the amino- terminal portion contains 
both HS and CS. Additionally, two OS-exclusive sites occur in 
the carboxyl-terminal region (66). In contrast, we have demon- 
strated that glypican, from L cells, is a pure H8PO. Glypican, 

?*iuUika;aynd^ 

brane Ma a coyalently , linked ^ly^ . . 

/.chor.(5&);.Itistempt^ between 

•the glycosylation machinery . and .the conserved .transmem-. 
;.?/brane/hitraceUuler.^ . 

tating the attachment of CS to potentially promiffouous accep- 
„ -tor sites. We ore. presently Resting this hypothesis -.by. domain .V 
vl^ropping experiments, between grypicaa.and ryudocan. 

The / production of multiple isoforma of ryudocan may serve to 

and other heteroglycans. It has been suggested that syndecan 
s family members participate bi .m^ny different biologic, proc- 
esses including regulation of blood coagulation, cell adhesion, : 
maintenance of cell morphology, and signal transduction. The 
ability of these components to act in thia diverse fashion ap- 
pears to be predominantly a result of the covalently attached 


HS chains, which bind protease inhibitors, cell adhesion mol- 
ecules, peptide growth factors, circulating lipoproteins, and lip- 
oiytic enzymes (for review aaa Ref. 22). The attachment of dif- 
ferent numbers of HS and CS chains to syndecan family 
members may alter interactions with specific proteins and 
hence modify the biologic function of these components (67, 68). 
In this regard, we have noted that the distribution of ryudocan 
. Isofbrms is altered when cells shift from the exponentially 
.growing to ihe^sto^ . 
resent an important linkage hatwaen growth state, the struc- 
ture of PGs, and the function of these molecules. 
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